The transcription factor Osf2/Cbfa1 is a key regulator of osteogenic differentiation while BSP, a major non-collagenous protein, is a marker of osteoblastic differentiation. To determine the relationship between Osf2/Cbfa1 and the formation of mineralized tissues in tooth development we have studied the temporal expression of Osf2/Cbfa1 and BSP mRNA using in situ hybridization. These studies show that Osf2/Cbfa1 is expressed early in mesenchymal and epithelial tissues destined to form the mineralized tissues of the tooth and periodontal tissues, whereas BSP provides a specific marker for the differentiated cells in each of these tissues. Expression of Osf2/Cbfa1, but not BSP, was observed in the periodontal ligament indicating that expression of Osf2/Cbfa1 is not restricted to mineralizing tissues.
Introduction
Recent studies have demonstrated that the Cbfa1/Osf2 gene transcript is a key activator of osteoblast differentiation and bone development (Banerjee et al., 1997; Ducy et al., 1997; Komori et al., 1997; Munlos et al., 1997; . Bone sialoprotein is a major protein in the extracellular matrix of bone (Oldberg et al., 1988; Fisher et al., 1990; Zhang et al., 1990 ) that is considered a good marker of osteoblast differentiation and biomineralization (Chen et al., 1991; Chen et al., 1992; Bianco et al., 1993; Hunter and Goldberg, 1993; Yao et al., 1994) . To determine whether Osf2/Cbfa1 has a general role in the differentiation of mineralized connective tissues we have compared the expression of mRNAs for Osf2/Cbfa1 and BSP in developing mouse teeth.
In the first molar of 1-day-old neonates, expression of Osf2/Cbfa1 is restricted to the mesenchyme surrounding the tooth germ, cells on the alveolar bone surfaces and in the endosteal tissue ( Fig. 1(1 ,3,4) . Expression is also seen in the cells in the dental sac, a condensed connective tissue band surrounding the dental papilla which gives rise to cementoblasts, periodontal ligament (PDL) fibroblasts and osteogenic cells in the alveolar bone. Hybridization for Cbfa-1 is also seen, at a relatively lower level, in the dental papilla which gives rise to the cells of the pulp and dentin of the tooth, particularly in the cells near the apical portion of the dental papilla. In the same tissues, strong hybridization can be seen for BSP mRNA in the osteoblastic cells of the alveolar bone ( Fig. 1(2) ). At 7 days the hybridization for Osf2/Cbfa1 mRNA persists in the mesenchyme particularly in the most apical area of the dental sac. Odontoblasts encircling the pulpal chamber also express Osf2/Cbfa1 mRNA. An even distribution of silver grains is evident in the cells of the dental papilla, consistent with the potential of these cells to differentiate into odontoblasts. Osf2/Cbfa1 expression is also apparent in (1, (3) (4) (5) 7, 8) and BSP (2,6) mRNA expression in sagittal sections of developing first molars in 1-(1,4) and 7-(5,8) day-old mice, shown both in dark-(1-3,5-7) and bright-(4,8) field illustrations. Magnifications: ×50 (5,6); ×62.5 (1,2); ×100 (3,4); ×160 (7, 8) . A, ameloblasts; B, alveolar bone; C, cementoblasts; CEJ, cemento-enamel junction; D, dentine; M, mesenchymal cells; O, odontoblasts; P, pulp; PDL, periodontal ligament; S, dental sac. the PDL at this stage ( Fig. 1(5,7,8) ). In comparison, expression of BSP is still very high on the alveolar bone surfaces and a double layer of strong hybridization signals, corresponding to the differentiating odontoblasts and cementoblasts, is evident ( Fig. 1(6) ). Whereas the signal for BSP mRNA in the odontoblasts terminates in cells involved in the formation of root dentin at the cemento-enamel junction (CEJ), expression is apparent in the cementoblasts and ameloblasts slightly above the CEJ ( Fig. 1(6) ).
After the tooth roots of the first molar have formed (14 days) Osf2/Cbfa1 mRNA is still expressed in the mesenchymal tissue in the apical region of the tooth root and in alveolar bone (Fig. 2(9) ). The most conspicuous finding is the strong Osf2/Cbfa1 signals in the ameloblasts covering the newly-formed enamel matrix and throughout the periodontal ligament (Fig. 2(9,11) ). BSP mRNA expression is still high in the alveolar bone, but restricted to sites of bone formation. Particularly strong expression is seen in the cementoblasts extending to the CEJ, beyond which expression could also be seen in early ameloblasts but not in ameloblasts covering the enamel matrix ( Fig. 2(10) ).
Following eruption of the first molar (day 28) expression of Osf2/Cbfa1 is restricted to the periodontal ligament and cells of endosteal and marrow spaces in the alveolar bone ( Fig. 2(13) ). Expression of BSP mRNA is still high in the cementoblasts lining the surface of the acellular cementum in the coronal region of the tooth extending to the CEJ, and in cells within and lining the cellular cementum on the apical aspect of the tooth root (Fig. 2(14) ). BSP expression in the alveolar bone remains high on endosteal surfaces. As seen in high power photomicrographs, the signal for Osf2/ Cbfa1 is strong in ameloblasts of a 28 day incisor, and throughout the width of the periodontal ligament ( Fig.  2(12) ).
While previous studies have shown that Osf2/Cbfa1 expression is restricted to cells of mesenchymal condensations early in development (Ducy et al., 1997) , here we show that Osf2/Cbfa1 is also expressed by mesenchymal cells and epithelial cells that differentiate into the mineralized tissues of teeth, thereby demonstrating that Osf2/ Cbfa1 is involved in the differentiation of all cell lineages that produce mineralized tissues. However, the expression of Osf2/Cbfa1 mRNA by periodontal ligament fibroblasts indicates that expression of Osf2/Cbfa1 is not restricted to mineralizing tissues. Thus BSP, which is expressed in differentiated cells in each of the mineralizing tissue pathways (Chen et al., 1991 (Chen et al., , 1998 MacNeil et al., 1996) , is clearly expressed following the expression of Osf2/Cbfa1 in dental tissues, except in the periodontal ligament, where BSP mRNA is not normally expressed. Expression of Osf2/ Cbfa1 in the periodontal ligament is, nevertheless, in agreement with the osteogenic potential of this tissue. Previous studies have shown that the cells derived from the periodontal ligament can form bone in vitro (Cho et al., 1992) and that precursor cells capable of regenerating alveolar bone and cementum, as well as the ligament itself, exist within the periodontal ligament (Gould et al., 1980) . Moreover, expression of BSP by periodontal ligament cells occurs following the administration of bisphosphonates (Lekic et al., 1997) which promote osteogenesis and cause ankylosis of the ligament, supporting the proposed role of BSP in the nucleation of hydroxyapatite Hunter and Goldberg, 1993; Hunter and Goldberg, 1994; Yao et al., 1994) .
Although there may be some overlap in the expression of Osf2/Cbfa1 and BSP in the osteogenic cells associated with the alveolar bone, the expression of Osf2/Cbfa1 generally appears to be restricted to less differentiated mesenchymal cells that are generally destined to differentiate into mineralized tissue-forming cells. Thus, Osf2/Cbfa1 expression is first evident in the condensing mesenchyme of the dental follicle that surrounds the developing tooth and which subsequently gives rise to the periodontal ligament and the osteogenic cells of the alveolar bone and the cementogenic cells of the cementum. On further development, expression of Osf2/Cbfa1 is primarily restricted to the mesenchyme of the dental papilla, which generates the odontogenic cells. While the expression of Osf2/Cbfa1 is retained in the osteogenic tissue of the alveolar spaces, after tooth formation has been completed the principal site of expression is in the fibroblasts of the periodontal ligament.
Experimental procedures
Mandibular first molars, dissected from postnatal day 1-, 7-, 14-, and 28-day-old CB6F1 mice, were immediately fixed in 4% paraformaldehyde freshly-prepared in PBS, and demineralized overnight in 0.2N HCl at 4°C. Following extensive washing in PBS, the tissues were dehydrated in an ascending series of ethanol, cleared in xylene and embedded in paraffin. Sections (6 mm) were mounted on slides with gelatin for in situ hybridization. Preparation of probes and details of the in situ hybridization procedure have been described in detail previously . Briefly, radiolabeled cRNA sense and antisense probes were synthesized by in vitro transcription using a Trans Probe T Kit (Pharmacia) and 50 mCi -[ 35 S]UTP, and purified. Full length BSP cDNA and a 5′UTR fragment of the Osf2/Cbfa1 (Ducy et al., 1997) cDNA were used as a templates. Immediately before hybridization, the cRNA probes in hybridization medium (2 × 10 4 cpm/ml, in 50% deionized formamide, 10% dextran sulfate, 1× Denhardt's solution, 20 mM Tris-HCl, 0.3 M NaCl, 20 mM DTT, 0.5 mg/ml tRNA, 5 mM EDTA and 10 mM NaH 2 PO 4 , pH 8.0) were heated at 80°C for 2 min, quickly cooled in ice water, then 50 ml applied to each slide. Following incubation the slides were washed in 4× SSC with 10 mM DTT for 30 min at 42°C, then in 2× SSC, 50% formamide and 10 mM DTT for 20 min at 60°C, followed by single washes at 37°C in riboprobe washing solution (0.1 M Tris-HCl, 0.4 M NaCl, 0.05 M EDTA, pH 7.5), for 10 min, then in 2 × SSC for 15 min Fig. 2 . Dark field images of in situ hybridization analysis of Osf2/Cbfa1 (9,11-13) and BSP (10,14) mRNA expression in saggital sections of erupting first molars of 14-(9-11) and 28-(12-14) day-old mice. Panel (12) is a cross-section through the continuously-erupting incisor from a 28-day-old mouse; (15) shows a section through the epiphysis of the tibia of a 7-day-old mouse; and (16) a saggital section through the first molar of a 10-day-old mouse. Antisense probes were used for (9-14) and sense probes for (15,16) as controls. Magnifications: ×50 (9,10,13); ×62.5 (16); ×80 (14); ×125 (11,15); ×160 (12). Abbreviations as for Fig. 1. and finally in 0.1× SSC for 15 min. The slides were then dehydrated in ethanol/0.3 M ammonium acetate and dried in air. For autoradiography, slides were dipped in Kodak NTB-2 emulsion (Eastman Kodak, NY), dried, and exposed at 4°C for 2 weeks in a dark room. The slides were developed with Kodak D19 developer for 4 min at 15°C, rinsed in dH 2 O for 30 s and fixed for 6 min. Tissue sections were counterstained with hematoxylin and eosin, dehydrated and mounted with permount. Consecutive tissue sections were hybridized for each probe and the hybridization signals photographed with both bright and dark-field optics on a photomicroscope.
